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INTRODUCTION
The increase in global surface temperature noted
from data of instrumental observations over the past
150 years [1] has accelerated substantially in the past
four decades. In Europe (including the European part
of Russia), the annual mean air temperature increased
by about 0.3°С from the beginning of the 20th century
to the end of the 1970s, whereas over the two last
decades of the 20th century, this growth was nearly
1.0°С [2]. It is believed that the main factor responsi
ble for the accelerated warming is the radiation bal
ance change caused by the increasing anthropogenic
impact [3]. Apart from the direct radiative forcing, the
accelerating warming can be also caused by changes in
heat and moisture advection from the ocean surface
due to changes in the largescale atmospheric circula
tion and the ocean surface temperature (OST). Cli
matic trends and characteristics of the largescale
atmospheric circulation can be related to longperiod
variations in the oceanic circulation [4], OST varia
tions, variations in the sea ice concentration (SIC) [5],
and the external radiative forcing (see, for example,
[6]); they can also be formed due to the internal sto
chastic variability [7, 8]. Significant positive OST
trends in the North Atlantic and in the tropics over the
past 30 years suggest that OST variations substantially
contribute to weather condition changes in Europe
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Abstract—Numerical experiments with the ECHAM5 atmospheric general circulation model have been per
formed in order to simulate the influence of changes in the ocean surface temperature (OST) and sea ice con
centration (SIC) on climate characteristics in regions of Eurasia. The sensitivity of winter and summer cli
mates to OST and SIC variations in 1998–2006 has been investigated and compared to those in 1968–1976.
These two intervals correspond to the maximum and minimum of the Atlantic LongPeriod Oscillation
(ALO) index. Apart from the experiments on changes in the OST and SIC global fields, the experiments on
OST anomalies only in the North Atlantic and SIC anomalies in the Arctic for the specified periods have been
analyzed. It is established that temperature variations in Western Europe are explained by OST and SIC vari
ations fairly well, whereas the warmings in Eastern Europe and Western Siberia, according to model experi
ments, are substantially (by a factor of 2–3) smaller than according to observational data. Winter changes in
the temperature regime in continental regions are controlled mainly by atmospheric circulation anomalies.
The model, on the whole, reproduces the empirical structure of changes in the winter field of surface pres
sure, in particular, the pressure decrease in the Caspian region; however, it substantially (approximately by
three times) underestimates the range of changes. Summer temperature variations in the model are charac
terized by a higher statistical significance than winter ones. The analysis of the sensitivity of the climate in
Western Europe to SIC variations alone in the Arctic is an important result of the experiments performed. It
is established that the SIC decrease and a strong warming over the Barents Sea in the winter period leads to a
cooling over vast regions of the northern part of Eurasia and increases the probability of anomalously cold
January months by two times and more (for regions in Western Siberia). This effect is caused by the formation
of the increasedpressure region with a center over the southern boundary of the Barents Sea during the SIC
decrease and an anomalous advection of cold air masses from the northeast. This result indicates that, to esti
mate the ALO actions (as well as other longscale climatic variability modes) on the climate of Eurasia, it is
basically important to take into account (or correctly reproduce) Arctic sea ice changes in experiments with
climatic models.
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over the past decades. This is confirmed by the results
of numerical experiments with atmospheric general
circulation models (AGCMs), in which the OST and
SIC are used as boundary conditions (see, for exam
ple, reviews [9, 10]). 
The OST variations in the North Atlantic play an
important role in the formation of weather conditions
in extratropical latitudes of the Northern Hemisphere
(including Eurasia). Longperiod (on the order of 50–
70 years) OST variations are traced both from instru
mental observational data over the past 150 years and
in temperature reconstructions for the past millen
nium [11–14]. The OST variations in the North
Atlantic associated with longperiod oscillations rep
resent an anomaly of the same sign covering virtually
the entire North Atlantic with maximal values in the
region from about 35° N to 60° N. The index of the
Atlantic LongPeriod Oscillation (ALO) proposed in
[15] represents annual mean OST values averaged for the
region 40°–60° N and 50°–10° W (shown in Fig. 1).
The OST oscillation has an amplitude of about 1°С
and is supposedly [11, 15] associated with changes in
the largescale meriodional overturning in the North
Atlantic. These oscillations are part of the global
threedimensional oceanic circulation driven (in the
first place) by density gradients of oceanic water
masses depending on temperature and salinity, which
is therefore called the thermohaline circulation
(THC) [16, 17]. An analysis of observational data and
model experiments has shown that ALOs can be a
major factor in the Arctic icecover and temperature
variations at high latitudes of the Northern Hemi
sphere [18–20]. The ALO relation to substantial OST
anomalies in the basic region of the formation and
development of North Atlantic cyclones [21] suggests
that the ALO is important for the prediction of
weather conditions over Europe.
An analysis of experiments with an ensemble of
global climate models taking into account natural and
anthropogenic radiative forcing on climate has shown
that discrepancies between model results on the repro
duction of temperature variations (global and regional)
and observational data over the past 100 years correlate
with the ALO and most clearly manifest themselves in
the North Atlantic [22, 23]. Recent model investiga
tions [24, 25] showed that changes in the oceanic heat
influx into the North Atlantic and Arctic regions asso
ciated with THC oscillations are capable of forming
significant surface temperature anomalies in the
Northern Hemisphere (approximately two times
smaller in amplitude than the trends observed over the
past 30 years [24]).
A number of works on the simulation of the ALO
impact on the climate of continents of the Northern
Hemisphere with the use of both AGCMs and joint
models of atmospheric and oceanic general circula
tion have been published in recent years [4, 26–28].
There has been much uncertainty in estimates of the
ALO impact on the climate. For example, experi
ments with the AGCM including a specified OST
anomaly in the North Atlantic (characteristic of the
ALO) reproduced the most significant temperature
variations in North America and Europe in the sum
mer period [28]. In work [4], the strongest relation
between the ALO and the climate in Eurasia is noted
in the winter season. Works [29, 30] comprehensively
investigate the atmospheric circulation response to the
winter OST anomaly in the North Atlantic. One
important result of works [29, 30] is the identification
of two basically different kinds of the response: local
and largescale, which have essentially different spa
tial structures and, consequently, have different
impacts on the climate of Eurasia. Therefore, the
determination of spatial characteristics and the ampli
tude of variations in climatic characteristics associated
with changes in both the global OST field and anoma
lies in the North Atlantic compared with the internal
natural variability of atmospheric circulation remains
an important problem. With this purpose in mind, the
results of numerical experiments using the AGCM
with the specified boundary conditions (OST and
SIC), the mean for the periods corresponding to the
minimum and maximum of the OST longperiod
oscillation, i.e., 1968–1976 and 1998–2006, respec
tively (see Fig. 1), are analyzed in this work. The
results of numerical experiments are compared with
the data of NCEP/NCAR reanalysis [31] and ground
based observations [2], which makes it possible to esti
mate the contribution of OST and SIC variations to
climatic changes over the territory of western Eurasia
in the past 40 years. An investigation into the relative
contribution of anomalies in the ice cover area in the
Arctic to climatic changes over the past decades is an
important feature of this work.
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Fig. 1. Index of longperiod climatic oscillations in the
North Atlantic: annual mean anomalies of the ocean sur
face temperature (in °C) in the sector 40°–60° N, 10°–50° W)
from the HadISST1.1 data. Thick lines designate the peri
ods 1968–1976 and 1998–2006, for which the mean values
of OST and SIC were used as boundary conditions in the
numerical experiments.
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DESCRIPTION OF THE MODEL 
AND NUMERICAL EXPERIMENTS
Numerical experiments were performed with the
ECHAM5 AGCM developed at the Max Planck Insti
tute for Meteorology (Germany) [32]. This model is
the latest version of the climatic AGCM based on the
European Centre for MediumTerm Weather Fore
casts (ECMWF) spectral weatherforecast model. The
model used for the numerical experiments has the
spectral horizontal resolution T42 (approximately
2.8° × 2.8° in latitude and longitude) and 19 vertical
levels. The OST and SIC fields are the boundary con
ditions of the model. The climatologic boundary con
ditions, i.e., the recurring annual cycle (without inter
annual variability) of monthly mean OST and SIC val
ues for the entire experiment, were used in the
experiments. The concentrations of greenhouse gases
in the model are constant for all of the experiments
and correspond to the presentday mean climatic con
ditions (the СО2 and СН4 concentrations are 348 and
1.64 ppm, respectively). The duration of each experi
ment was 100 model years.
The HadISST1.1 archive of monthly mean OST
and SIC values over the period 1870–2006 based on an
analysis of observational data [33] serves for determin
ing the boundary conditions. As can be seen from Fig. 1,
an abrupt OST increase in the North Atlantic took
place in the mid1990s. Over four years, from 1994
through 1998, the annual mean OST increased by 1°С
in a vast part of the extratropical North Atlantic. Such
changes are supposed to be caused by natural long
period climatic oscillation [11, 14]. For this reason,
the 9year period (1998–2006) of the positive anomaly
was chosen for comparison with the 9year period
(1968–1976) of the negative anomaly related to the
cold phase of the longperiod oscillation or the phase
of low THC intensity. The anomalously warm period
in the 1950s could become an alternative choice for
the warm phase; however, there are no reliable data on
sea ice for this period, which can have a considerable
effect on the climate of northern Eurasia. The seasonal
differences of the OST index are small, and the ampli
tude of temperature variations is approximately the
same for both winter and summer. The monthly mean
values of OST and sea ice boundaries were averaged
over nine years belonging to either chosen period. The
averaged monthly mean values formed the climato
logic data used as boundary conditions for the model
experiments.
The maps of OST differences between the mean
values over 1998–2006 and 1968–1976 for winter and
summer are presented in Fig. 2. The strong positive
OST anomaly in the North Atlantic and at the south
ern termination of Greenland is noticeable for both of
the seasons. Although the summer OST anomaly in
the western Atlantic has a larger amplitude than the
winter one, winter is characterized by stronger positive
anomalies in the eastern Atlantic on the coast of
Europe. As a result, the longperiod OST variations for
the winter and summer seasons averaged over the
region (40°–60° N, 50°–10° E) (not shown) have vir
tually the same amplitude. The SIC (percent of the
coverage of model cells by sea ice) differences between
the periods 1998–2006 and 1968–1976 are presented
in Fig. 3. The OST increase was accompanied by a
considerable decrease in SIC. The strongest changes
took place in the Barents and Greenland seas, i.e., in
the Atlantic sector of the Arctic.
Apart from considerable OST anomalies in the
North Atlantic, we should note the positive OST
anomalies in the Indian Ocean, the equatorial parts of
the Pacific and Atlantic oceans in winter, and the
northern part of the Pacific in summer. As the data of
model experiments show, the OST variations in the
tropics can lead to changes in atmospheric circulation
parameters at middle and high latitudes of the North
ern Hemisphere [9, 10, 34]. Therefore, in order to
identify the effect of OST anomalies in the North
Atlantic, apart from experiments with changes in the
global OST field, we conducted experiments with OST
variations in the North Atlantic alone. For the experi
ments on the climate sensitivity to OST anomalies in
the North Atlantic alone and to SIC anomalies in the
Atlantic sector of the Arctic, the boundary conditions
for the period 1998–2006 varied only in the region
(35°–90° N, 90° W–110° E) designated in Fig. 2. The
OST variations in the North Atlantic over the past
30 years, as well as the SIC decrease in the Arctic, are
not related solely with the THC but contain a signifi
cant contribution of the radiative forcing due to an
increase in the concentrations of greenhouse gases in
the atmosphere. At the same time, it is necessary to
note that, while models consistently reproduce a
decrease in the ice cover area in the case of Arctic ice
[35], models on the whole show only insignificant
changes for the OST in the North Atlantic [24]. This is
explained by the THC decrease under the anthropogenic
impact on the climate [36]. In this case, according to
empirical estimates [37], internal oscillations explain
approximately 60% of OST variations in the North
Atlantic since 1970.
The investigations based both on the analysis of
observational data [19, 38, 39] and on the results of
experiments with climatic models [38, 40–46], point
to the important role of anomalies in the ice cover
boundaries in the Arctic (especially in the winter
period) for the formation of anomalies in the large
scale atmospheric circulation and temperature regime
over continents of the Northern Hemisphere. In order
to investigate the contribution of this factor to climatic
changes of the past decades, we performed experi
ments with changes only in the ice cover boundaries
with constant climatologic OST values. A complete
list of the experiments with a description of differences
in the boundary conditions is given in the table.
358
IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS  Vol. 48  No. 4  2012
SEMENOV et al.
CLIMATE CHANGES 
FROM THE REANALYSIS DATA
In this work, the results of model simulations were
compared with the NCEP/NCAR reanalysis data,
which were obtained from numerical simulations by
using a weather forecast model with the assimilation of
data of observations of dynamic and thermodynamic
parameters of the atmosphere [31]. Whereas dynamic
parameters of the atmosphere, including the air pres
sure at sea level in the reanalysis data, correspond well
to the assimilated observational data, the overland
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Fig. 2. The OST difference (in °C) between the periods 1998–2006 and 1968–1976 (a) for winter and (b) for summer. The line
marks the latitudinal and longitudinal region in which the OST data were varied in experiments 4 and 5 (see table).
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surface temperature and precipitation result from the
model simulations. The data on the surface tempera
ture correspond fairly well to the data of groundbased
observations (a comparison was performed with the
CRUTEM3 data [2]). The data on precipitation are
characterized by significant systematic errors; how
ever, on the whole, they describe largescale changes
over the past 30 years [47].
The NCEP/NCAR data on the differences
(between the periods 1998–2006 and 1968–1976) for
the surface air temperature (SAT), sealevel pressure
(SLP), and precipitation averaged over winter and
summer are presented in Fig. 4.
In the winter period, a positive temperature anom
aly exceeding 1°С encompasses the major part of
western Eurasia, except for southwestern Europe and
the northwestern region of Russia. The strongest SAT
increase in the region under investigation (exceeding
3°С) is noted to the east of the Caspian Sea. It should be
noted that there is no warming and even small negative
anomalies are absent in the southern part of Europe and
in Arkhangelsk oblast (Fig. 4a). The summer warming
has a smaller amplitude, but it is more uniform and
encompasses virtually the entire continent with the
exception of northern coastal regions (Fig. 4b).
The winter SLP anomaly is characterized by the
reduced pressure region with a minimum smaller than
(а) (b)
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–20
–30
–40
Fig. 3. The SIC difference (in %) between the periods 1998–2006 and 1968–1976 (a) for winter and (b) for summer.
Table
Number 
of experi
ment
Boundary conditions 
for OST
Boundary conditions 
for SIC Explanations
1 Global data 1968–1976 Global data 1968–1976 Simulation of the influence of the global OST 
and SIC fields on the climate of 1968–1976
2 Global data 1998–2006 Global data 1998–2006 Simulation of the influence of the global OST 
and SIC fields on the climate of 1998–2006
3 Global data 1998–2006 Global data 1968–1976 Simulation of influence only of the global OST 
field on the formation of climate of 1998–2006 
without regard for SIC variations
4 Global data
1968–1976; in the sector 
(35°–90° N, 90° W–110° E)–  
data for 1998–2006
Global data 1968–1976 Simulation of the influence of OST anomalies 
only in the North Atlantic (without regard 
for SIC variations) on the formation of the cli
mate of 1998–2006
5 Global data
1968–1976; in the sector 
(35°–90° N, 90° W–110° E)– 
data for 1998–2006
Global data 
1968–1976 in the sector 
(35°–90° N, 90° W–110° E)– 
data for 1998–2006
Simulation of the influence of OST anomalies 
only in the North Atlantic and SIC anomalies 
in the Atlantic sector of the Arctic on the for
mation of the climate of 1998–2006
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Fig. 4. Differences between the periods 1998–2006 and 1968–1976 of the surface air temperature (°C) (a) in winter and (b) in
summer, the sealevel pressure (hPa) (c) in winter and (d) in summer, and precipitation (mm/day) (e) in winter and (f) in summer
from the NCEP/NCAR reanalysis data.
–3 hPa over the northern part of European Russia,
which is accompanied by an anomaly of the opposite
sign in the south and southeast of Europe (Fig. 4c).
Such an anomalous structure of the SLP field is in
compliance with the corresponding pattern of temper
ature anomalies (Fig. 4a), which explains the maxi
mum of warming to the east of the Caspian Sea by the
increased advection of Atlantic air masses and the
absence of warming (and some cooling) over the north
of Europe by a weakened westward transport in this
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region. The increased pressure with a maximum over
Spain and the region of reduced pressure at high lati
tudes correspond to the positive anomaly of the North
Atlantic Oscillation (NAO) index. The NAO index,
which is determined as the SLP difference between
Lisbon and Reykjavik averaged over December–
March (from the NCEP/NCAR data), was 15.5 and
17.0 hPa for the periods 1968–1976 and 1998–2006,
respectively. Due to relatively short period of averaging
(9 years) and strong interdecadal and multidecadal
natural variability of the index [8], such a change is not
statistically significant, although it corresponds to the
tendencies of NAO changes with an increase in the
content of greenhouse gases in the atmosphere (see,
for example, [48]) and (as will be shown below) to
changes associated with the OST and SIC trends. The
SLP anomalies over western Eurasia in the summer
period are pronounced much more weakly (Fig. 4d)
and, on the whole, do not exceed 1 hPa in amplitude.
The reanalysis data on precipitation result from
model calculations and substantially differ from obser
vational data in a number of characteristics (in partic
ular, the statistics of extreme phenomena). At the same
time, the reanalysis data, on the whole, reproduce
largescale decadal changes in the seasonal mean pre
cipitation in western Eurasia [47] and can be used for
comparison with model calculations.
The precipitation changes in the winter period over
the territory of western Eurasia have, on the whole, a
zonal structure with a noticeable precipitation
decrease and an increase to the south and to the north
of 45° N, respectively (Fig. 4e). In this case, the max
imum of precipitation increase corresponds to the
temperature maximum to the east of the Caspian Sea
and, on the whole, to the location of the reduced SLP
region (Fig. 4c). For the summer period, a consider
able precipitation increase, noticeable over the south
ern part of the Scandinavian Peninsula and over Euro
pean Russia, contrasts the strong negative anomaly
covering all of Western Europe (Fig. 4f). The precipi
tation increase over the south of the Scandinavian
Peninsula can be associated with the corresponding
pressure decrease (Fig. 4d). It is difficult to detect any
relations between the considerable positive anomaly of
precipitation in European Russia and changes in the air
pressure or temperature. It should be noted that the
structure of precipitation changes, on the whole, agrees
with climatic changes in the 21st century predicted by cli
matic models, with the precipitation increase over Eur
asia at high latitudes of the Northern Hemisphere and its
decrease, on the whole, at midlatitudes, especially in the
Mediterranean Sea region [49].
RESULTS OF MODEL EXPERIMENTS
Regional Temperature Variations 
Figure 5 shows the SAT variations for the winter
and summer seasons in experiments 2, 3, 4, and 5 rel
ative to experiment 1 (in which the OST and SIC fields
were specified for the cold climate of 1968–1976; see
table) in five latitude–longitude areas covering the
main part of the region under investigation (see the
map in Fig. 5). The first area encompasses the Iberian
Peninsula, the second area encompasses most of West
ern Europe and the southern part of the Scandinavian
Peninsula, and the three remaining areas encompass
the territory of Russia to 90° E. Together with the
model results, this figure shows the corresponding
SAT variations (differences between the mean values
for the periods 1998–2006 and 1968–1976) from the
NCEP/NCAR reanalysis data and the CRUTEM3
grid data [2] obtained from observations at meteoro
logical stations. First of all, it should be noted that the
SAT variations obtained from NCEP/NCAR and
CRUTEM3 data fairly well agree with each other,
especially for the summer season. For the winter sea
son, noticeable discrepancies are detected for the Ibe
rian Peninsula (area 1) and for the western part of
European Russia (area 3). According to empirical
data, the SAT increased for all of the areas. The sum
mer warming was virtually the same and was equal to
1°С. The strongest winter warming exceeding 2°С was
observed in easternmost areas 4 and 5, whereas in the
western area the warming was at least two times
weaker.
The model measurements are presented by the
mean values over 100 years. In the winter period, the
model in all of the experiments reproduces (compared
with the NCEP data) the warming over area 1, which
is explained by the conditions of the experiments: the
considerable positive OST anomaly, which is present
in the boundary conditions of experiments 2–4 (with
respect to experiment 1) is located in winter to the west
of the Iberian Peninsula. For area 2 (Western Europe),
the model virtually completely reproduces the
observed SAT variations in experiments 2 and 3 but
does not show any significant variations in experi
ments 4 and 5. In these two last experiments, the OST
changed only in the North Atlantic region, and the
SIC changed only in the Atlantic sector of the Arctic.
In area 3 (European Russia), the model substantially
underestimates the warming in all of the experiments
except for experiment 3, and it underestimates the
warming in eastern areas 4 and 5 even more. An impor
tant feature should be noted: during experiment 2, in
areas 2–5, the model reproduces a weaker warming
than during experiment 3, although in experiment 3,
unlike experiment 2, the SIC values did not change
and remained the same as for the cold climate of
1968–1976. Therefore, a considerable heat flux from
the ocean surface into the atmosphere in the Arctic
seas did not cause the warming over the adjacent con
tinent, but rather led to some cooling (with respect to
experiment 2). This effect is associated with a specific
response of the atmospheric circulation to SIC varia
tions and will be discussed below. A considerable
warming over areas 4 and 5 in accordance with empir
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Fig. 5. Surface atmospheric temperature variations (in °C) for (a) winter and (b) summer seasons from the NCEP/NCAR reana
lysis data (black columns) and CRUTEM3 observations (gray columns), as well as from experiments 2, 3, 4, and 5 (white columns
from left to right, respectively) with respect to experiment 1 (see table) in five latitude–longitude areas. These areas are numbered
from 1 to 5 and are shown in the inset. The numbers of areas are indicated on the horizontal axis. The latitude–longitude bound
aries of the areas are as follows: (1) 10°–0° W, 35°–45° N; (2) 0°–20° E, 45°–65° N; (3) 20°–40° E, 45°–65° N; (4) 40°–60° E,
45°–65° N; and (5) 60°–90° E, 45°–65° N.
ical data and its underestimation in model experi
ments are explained by circulation anomalies.
According to the NCEP data, a strong negative pres
sure anomaly was observed in the winter period over
European Russia (Fig. 4c). This anomaly was respon
sible for the intensification of westerly and southwest
erly advection in areas 4 and 5. A similar pattern of the
pressure field change was noted in experiment 2 (see
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the discussion below); however, its amplitude was
three times smaller, which even quantitatively corre
sponds to the difference between model and empirical
changes.
For the summer season, the model, on the whole,
underestimates temperature variations in all of the
numerical experiments and areas except for area 2,
where the SAT is reproduced very well in experiments 2
and 3 (Fig. 5b). It should be noted that the same con
centrations of greenhouse gases were specified in all of
the experiments. Disregarded changes in the radiation
balance also could make a certain contribution to the
temperature changes [50].
Influence of the NAO 
Changes in the largescale atmospheric circulation
in the Atlantic sector during the winter period can be
estimated from Fig. 6, where the mean for all of the
experiments values of the NAO index, determined as
the absolute pressure difference between Lisbon and
Reykjavik, are presented for December–March. The
model overestimates the mean values of this index,
which, as noted above, are 15.5 and 17.1 hPa for the
periods 1968–1976 and 1998–2006, respectively. This
overestimation is associated both with, on the whole,
stronger pressure anomalies in the Azores maximum and
the Iceland minimum in the model and with the dis
placement of the centers of action with respect to their
values observed in the periods under investigation. We
should also note considerable interdecadal oscillations of
the NAO index, whose mean 9year values, according to
the NCEP/NCAR reanalysis data, changed over the
period 1948–2010 within the range from 8.6 hPa
(1962–1970) to 24.0 hPa (1987–1995).
In experiments 2 and 3 with the global OST field
over the period 1998–2006, the model reproduces the
statistically significant (95%) increase in the NAO
index (by about 10%) compared with experiment 1 on
reproducing the climate of 1968–1976. This result
agrees with the observed NAO index increase,
although the changes obtained from empirical data are
statistically insignificant. It should be noted that the
periods 1968–1976 and 1998–2006, corresponding to
the minimum and maximum of the ALO index, lag
about 5–7 years behind the minimum and maximum
of decadal changes in the NAO index (according to the
NCEP data), the difference between which is about
15 hPa. Such a delay can be explained by the hypoth
esis about the ALO formation through longperiod
NAO changes, which affect heat fluxes from the ocean
surface in the regions of deepwater convection in the
Labrador Sea [51]. Experiments 4 and 5 show the
opposite tendency, i.e., a NAO index decrease, but
with smaller, statistically insignificant, changes com
pared with experiment 1. Therefore, changes in the
global OST field, both with and without the corre
sponding changes in the SIC field, as well as without
changes in the ice conditions, increase the NAO
index, which means a more intense westward transport
in the region under investigation. Experiments 4 and 5
with changes in the OST and (in experiment 5) SIC in
the Atlantic sector alone reproduce a certain weaken
ing of the NAO index (statistically insignificant). The
results obtained indicate that regional changes in the
boundary conditions only in the North Atlantic can
not lead to statistically significant changes in the NAO
index and point to a possible role of the OST increase in
the tropics in the corresponding NAO changes (Fig. 2a).
This suggestion is in agreement with the previously
obtained results [9, 34].
Influence of Anomalies in the Global OST and SIC Fields 
In this subsection, we analyze the differences
(mean over 100 years of model experiments) of tem
perature, sealevel pressure, and precipitation between
experiments 2 and 1 (Fig. 7). In these experiments, we
specified the monthly mean values of the OST and SIC
fields estimated for the periods 1998–2006 and 1968–
1976, respectively. Changes in climatic parameters in
experiment 2 relative to experiment 1 are associated
with changes in the global fields of the boundary con
ditions (OST and SIC), as well as with the internal sto
chastic variability of the atmospheric circulation. The
statistically significant change were revealed using
Student’s ttest. The regions of significant changes at a
significance level of 5% are marked in gray in Fig. 7.
For the winter period, changes in the boundary
conditions did not cause any statistically significant
SAT variations over the major part of European Russia
(Fig. 7a), where the temperature increase was no more
than 0.5°С. Statistically significant changes (close in
magnitude to observed ones) are noted in Western
Europe and in the Caspian region, where SLP varia
24
23
22
21
20
19
Exp . 5Exp. 4Exp. 3Exp. 2Exp. 1
18
Fig. 6. The NAO index values for experiments 1–5 (mean
over 100 years of model experiments) determined as the
absolute pressure difference (in hPa) between Lisbon and
Reykjavik over December–March.
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tions are statistically significant and have the same sign
as the observed ones (Fig. 7c). The results of experi
ments in the winter period indicate that the strong
warming over Eurasia to the east from 40° E cannot be
explained by changes in the global OST and SIC fields
and is probably associated with internal fluctuations of
the atmospheric circulation: the strong cyclonic SLP
anomaly with a center over the northwestern part of
Russia, which is responsible for enhanced advection
from the west and southwest into eastern regions of
Eurasia.
Errors in the reproduction of changes in the snow
cover boundary and the same atmospheric concentra
tions of greenhouse gases in all of the model experi
ments could additionally favor the SAT increase. In
summer, SAT variations in the model are statistically
significant virtually over all of western Eurasia, and
they explain most observed temperature variations
(except for the region located to the north of the Cas
pian Sea). In this case, SLP variations over the conti
nent, on the whole, do not exceed 0.5 hPa and are sta
tistically insignificant (Fig. 7d).
SLP variations from the NCEP data are also insig
nificant. Therefore, the summer temperature increase
in western Eurasia can be explained by changes in the
global OST and SIC fields over the corresponding
period. Since the atmospheric circulation, on the
whole, changed insignificantly, SAT variations over
the continent are caused by the sensible and latent
heat increase in the air masses supplied into Eurasia
from adjacent oceans, first and foremost, from the
Atlantic Ocean, due to the prevailing westward trans
port at midlatitudes.
As noted, the empirical pattern of SLP variations is
characterized in winter by a strong cyclonic anomaly
over the northwest of Russia with positive SLP anom
alies in the south and southwest (Fig. 4c). A similar
structure, although with an amplitude of anomalies
three times smaller, is reproduced in the model exper
iments (Fig. 7c).
For both of the considered seasons, over the continent,
the model on the whole does not reproduce any statisti
cally significant changes in precipitation (Figs. 7e, 7f),
which do not exceed 0.2 mm/day over most of western
Eurasia. The NCEP data demonstrate considerable
anomalies of an opposite sign both for winter and sum
mer; in the latter case, these anomalies exceed
0.8 mm/day in a vast region of European Russia and
–0.4 mm/day in Western Europe. Apart from a weak
influence of boundary conditions, small variations in
precipitation and its more uniform spatial structure in
the model can be due to a considerable underestima
tion of the number of cyclones and their insufficiently
good reproduction in the model with a relatively low
spatial resolution compared with the reanalysis data [52].
Influence of SIC Anomalies 
In experiment 3, we used the OST field for the
period 1998–2006, whereas the SIC field corre
sponded to the colder climate of 1968–1976. In this
subsection, we analyze the differences of temperature,
pressure, and precipitation between experiments 2 and
3 (Fig. 8). These changes (see table) are caused solely
by SIC anomalies in the period 1998–2006 with
respect to the period 1968–1976 and, therefore, char
acterize the atmospheric circulation response to the
SIC decrease, first and foremost, in the Barents and
Greenland seas (Fig. 3). In the time intervals under
investigation, the area of sea ice cover in the Northern
Hemisphere decreased for winter and summer by
0.7 million km2 (6.3%) and 1.3 million km2 (16.9%),
respectively (according to the HadISST1 data used by
us). In spite of the relatively stronger changes in sum
mer, heat fluxes and their variations in the summer
period are considerably weaker than in winter because
of the less intense atmospheric circulation and rela
tively small gradients of humidity and temperature in
the surface layer. As a result, as it is seen from Fig. 8,
no statistically significant variations in temperature,
pressure, and precipitation are noted over the land in
summer. Therefore, only variations for the winter sea
son are analyzed below.
As it was detected in several studies on the simula
tion of the atmospheric circulation response to realis
tic icecover anomalies (corresponding to observed
anomalies or changes in coupled models of general
circulation of the atmosphere, ocean, and sea ice) [29,
30, 40, 41], this response can be divided into local and
remote. The local response (manifesting itself in the
lower atmosphere, approximately lower than 700 hPa)
is expressed as reduced pressure over the region with
decreased SICs and, accordingly, with increased heat
fluxes from the ocean surface into the atmosphere
[40]. The remote response is projected on the negative
anomaly of the leading mode of atmospheric circula
tion variability at high latitudes, the Arctic oscillation
(AO) [53], with the positive anomaly of the geopoten
tial at polar latitudes and its negative anomaly at mid
latitudes. Therefore, the local (direct) response is a
cyclonic anomaly at the surface over the heat source
(in the Barents Sea region) and an enhanced westward
transport to the south from the center of the cyclonic
anomaly (see, for example, [38, 40, 54]).
As can be seen from Fig. 8a, the SIC decrease in the
Barents Sea causes substantial warming over the sea,
which unexpectedly leads to the formation a strong
anticyclonic anomaly of the atmospheric circulation,
rather than a cyclonic anomaly in the region. The
positive SLP anomaly with the center at the southern
boundary of the Barents Sea is statistically significant
and exceeds 2 hPa. As a result, strong warming of the
atmosphere over the Barents Sea does not lead to
warming over the adjacent continent but, on the con
trary, is accompanied by some cooling (Fig. 8a).
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Fig. 7. Differences between experiments 2 and 1 of the mean (over the entire time of the numerical experiment) values of tem
perature (°C) (a), (b); pressure (hPa) (c), (d); and precipitation (e), (f) for winter (lefthand column) and summer (righthand
column). The statistically significant differences (at the 5% level, according to Student’s test) are marked in gray.
The formation of an anticyclonic anomaly (a
region of increased pressure) over a heat source, which
is associated with a decrease in the sea surface fraction
covered by ice, was detected for the first time in the
idealized experiments with the ECHAM5 AGCM,
during which the SIC in the Barents Sea region and in
the western part of the Kara Sea in the winter period
was successively and uniformly decreased from 100 to
1% (at an interval of 20%) [43], which made it possible
to investigate the atmospheric circulation response in
the entire range of changes in the ice boundary condi
tions in this region. It was revealed that that the atmo
spheric circulation response is nonlinear and, under
certain SIC variations (from 40 to 80%), leads to the
formation of an anticyclonic anomaly relative to the
regime with higher SICs, whereas local cyclonic
366
IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS  Vol. 48  No. 4  2012
SEMENOV et al.
80N
70N
60N
50N
40N
30N
90E75E60E45E30E15E0
(а) (b)
(c) (d)
(e) (f)
SAT, winter SAT, summer
SLP, winter  SLP, summer
Precipitation, winter Precipitation, summer
80N
70N
60N
50N
40N
30N
90E75E60E45E30E15E0
80N
70N
60N
50N
40N
30N
90E75E60E45E30E15E0
80N
70N
60N
50N
40N
30N
90E75E60E45E30E15E0
80N
70N
60N
50N
40N
30N
90E75E60E45E30E15E0
80N
70N
60N
50N
40N
30N
90E75E60E45E30E15E0
1 23
4
0
–0.5
5
1 12 2
3 34 4
1
–0.5
0.5
0.5
0.5
0.11
–0.50
0
0
0
0
00
0
0
0
0
0
0
0
0
5
5
0
0
1–1
2
1.5
0.5
–1
2
2
0
0
0 0
0
0
0
0
0
0
0
0 0
0
0 0
0
0
0
0
00
00
0
00
0
0
00
0
0
0
0
00
0.2
–0.2
0.4
–0.4
0.2
0.2
0.2
0.2
–0.2
–0.2
0.4
–0.2
0
–0.5
–0.5
0
Fig. 8. The same as in Fig. 7 but for the difference between experiments 2 and 3.
anomalies are formed in other ranges of SIC decrease.
It is suggested [43] that the nonlinear response is
caused by convection over the heat source, which
results in the formation of an anticyclonic circulation
anomaly and changes in horizontal temperature gradi
ents around the heat source leading (due to thermal
wind variations) to an anticyclonic circulation anom
aly. Since the experiments in [43] were idealized (as
well as restricted solely by the region of the Barents
and Kara seas), the results of experiments 2 and 3 pre
sented in this work show that the anticyclonic anomaly
over the Barents Sea at the ice cover decrease in winter
can be also formed due to realistic changes in the sea
ice boundaries in the Northern Hemisphere corre
sponding to the transition from the negative ALO
phase to positive.
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A key finding of work [43] was the revealed possi
bility of cooling over continents in winter during the
SIC decrease in the Barents and Kara seas, which is
associated with the air pressure increase in the Barents
Sea region in a certain range of SIC values. The non
linear response of the atmospheric circulation to SIC
anomalies was previously noted in works [44–46]. In
the experiments presented, we also noted some cool
ing with the center located south of the Kara Sea
(Fig. 8a); however, on the whole, it is statistically
insignificant. At the same time, small changes in the
mean climate can be accompanied by considerable
changes in the probability of extreme events. Indeed,
the probability of extremely cold winter conditions
substantially increased in experiment 2 compared with
experiment 3, which will be discussed below. There
fore, the results obtained, on the whole, agree with the
hypothesis proposed in [43], which explains the cold
winters in European countries and Russia by a
decrease in the icecover area in the Arctic and the
nonlinear response of the atmospheric circulation to
such changes. This mechanism explains the specific
features of OST variations over different regions in the
winter period presented in Fig. 5a and is consistent
with the tendency toward a general increase in the
probability of the formation of blocking anticyclones
over the land of the Northern Hemisphere in winter
during global warming, which is established from
model calculations [55]. For all of the regions (with
the exception of the Iberian Peninsula), the SAT
increase in experiment 2 (with respect to experiment 1)
was smaller than in experiment 3, i.e., negative anom
alies of the ice cover with positive OST anomalies led
to a smaller warming (in spite of the fact that the total
anomalous heat flux from the ocean into the atmo
sphere in the Atlantic sector was greater by 40%) than
OST anomalies alone.
Influence of OST and SIC Anomalies in the Atlantic 
Sector Alone 
In numerical experiments 4 and 5 (with respect to
experiment 1), we changed the OST (experiment 4)
and the OST and SIC (experiment 5) in the Atlantic
sector alone (Fig. 2, table). On the whole, experiment 4
is similar to the experiment analyzed in [28]. As fol
lows from Fig. 5, in most regions, OST variations in
experiments 4 and 5 are weaker (especially in the win
ter period) than in experiments 2 and 3 described
above. Therefore, in this subsection, we describe the
most important features of these experiments without
illustrating them by the maps of anomalies analogous
to those presented in Figs. 7 and 8. Experiment 4,
revealed no significant OST variations in winter over
western Eurasia except for the Iberian Peninsula.
However, there was statistically significant warming in
summer for the largest part of the continent (although
this warming is considerably smaller than from empir
ical data: see Fig. 5b), which agrees with the results
presented in [28], where the most significant varia
tions were also noted in the summer season.
Changes in the pressure field during the winter and
summer seasons are characterized by a statistically sig
nificant negative anomaly over the western part of the
Mediterranean Sea and the northwestern part of Rus
sia, respectively. Precipitation variations are, on the
whole, insignificant.
In experiment 5 (relative to experiment 1), SIC
anomalies in the Atlantic sector are added to OST
anomalies. The pattern of changes in this experiment
differs substantially from that in experiment 4. Varia
tions (decrease) in the SIC resulted in a statistically
significant SAT increase over the continent to the
south from 40° N and some cooling (as in experiment
2 relative to experiment 3; see the preceding subsec
tion) due to the formation of a positive SLP anomaly
to the north of England and a negative anomaly in the
Mediterranean Sea region. Therefore, a decrease in
the seaice area again led to some winter cooling over
western Eurasia. This result indicates that, in simulat
ing the ALO action on the climate, it is important to
take into account not only OST variations in the North
Atlantic, but also SIC variations associated with them
in the Arctic.
Changes in the Probability of Extreme Temperature 
Anomalies 
Above, we analyzed changes in mean climatic
characteristics. Apart from their mean values, extreme
weather phenomena, such as summer draughts and
winter frosts, greatly affect people and the environ
ment. In the first decade of the 21st century, several
anomalous weather events were observed in Russia and
European countries. The draughts of 2002 and 2010,
which were accompanied by forest fires in the Euro
pean region of Russia, as well as the cold winters of
2006 and 2010 with prolonged frosts (which have not
been observed since the mid1980s), are among such
anomalous events. This tendency is, on the whole, in
agreement with estimates of changes caused by the
anthropogenic impact on climate [55–57]. It is sug
gested that an increase in the probability of extreme
events can be associated both with changes in the
mean values and with the temperature variability
increase during global warming [58]. The diagnostics
of observed changes in the atmospheric circulation
and model results points to an increased number of
blocking anticyclones and a growth in their general
climatic influence (action) over the land of the North
ern Hemisphere during global warming [55, 57]. The
tendency toward an increase in the duration of block
ings at the general warming was estimated from empir
ical data in [59]. The above results of an analysis of
changes in the mean characteristics showed that
changes in the boundary conditions favor the forma
tion of anticyclonic anomalies of the atmospheric cir
culation in the winter period, which can increase the
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probability of anomalous temperature regimes. In this
case, the OST and SIC variations themselves are
caused by both external (including anthropogenic)
factors and natural climate oscillations. Changes in
the probability of the monthly mean SAT for January
and July in different experiments are presented in Fig. 9
as an example of changes in the probability of extreme
events. This figure shows changes in the probability of
events when the SAT in January is lower than 1.5 stan
dard deviation and in July is higher than 1.5 standard
deviation, which corresponds to approximately 3.4 and
96.6% of quantiles of the Gaussian distribution.
The spatial distribution of regions with an increas
ing probability of strong anomalies is generally consis
tent with changes in the mean temperature for winter
and summer seasons. As can be seen from the maps for
July, the probability of anomalously high monthly
mean temperatures substantially increases when the
global OST and SIC fields change (experiment 2 with
respect to experiment 1) over the land to the west from
30° E with maximal values in southern Europe and in
eastern Asia (Fig. 9b). The pattern of changes for
experiment 4 is similar to that of experiment 2
(Figs. 9b, 9f), which points to the role of OST anoma
lies in changes in the probability of extreme anomalies.
It should be noted that a local maximum in the Mos
cow region is observed during this experiment. Similar
patterns of changes with the probability increase in
northern regions and in eastern Asia without consider
able changes in the European part of the continent are
observed in experiments 2 (relative to experiment 3)
and 5 (relative to experiment 1).
A substantial increase in the probability of anoma
lously low temperatures for January is noted only in
experiment 2 (relative to experiment 3), where we sim
ulated the effect of the SIC decrease in the Arctic
alone. In a large region of Western Siberia, this proba
bility increased by more than two times. The probabil
ity increase, although weaker, is observed also in East
ern Europe (Fig. 9a). Therefore, the SIC decrease and
the warming in the Arctic are accompanied in this
experiment by an increased probability of anoma
lously low temperatures in winter over western Eur
asia. It is interesting that experiment 4 also demon
strates some increase in the probability of cold anom
alies in January almost over the entire territory of
western Eurasia, although, on the whole, an increase
in the mean temperature for the winter season is noted
in this experiment. This result indicates that OST
anomalies in the North Atlantic increase the variabil
ity of the winter temperature over Eurasia in the
model.
DISCUSSION AND CONCLUSIONS
Numerical experiments with the ECHAM5 atmo
spheric general circulation model on simulating the
impact of OST and SIC variations on climate charac
teristics in the western part of Eurasia were investi
gated in this work. The sensitivity of winter and sum
mer climate to OST and SIC variations in the periods
1998–2006 relative to 1968–1976 was analyzed. These
periods correspond to the maximum and minimum of
the ALO index. Apart from experiments with changes
in the global OST and SIC fields, experiments with
OST anomalies in the North Atlantic alone and SIC
anomalies in the Arctic for the specified periods were
analyzed. It is established that temperature variations
in Western Europe are fairly well explained by OST
and SIC variations, whereas, according to the model,
the warming in Eastern Europe and Western Siberia is
substantially smaller (by 2–3 times) than according to
observational data. In continental regions, surface
temperature variations in winter are controlled mainly
by atmospheric circulation anomalies. The model, on
the whole, reproduces observed changes in the winter
pressure field, in particular, the pressure decrease in
the Caspian region, but it substantially (by about three
times) underestimates the range of changes. On the
whole, summer temperature variations in the model
are characterized by a larger statistical significance
than winter ones. This is due to a more intense atmo
spheric circulation in winter than in summer. An anal
ysis of the sensitivity of the climate of western Eurasia
to SIC variations in the Arctic is an important result of
the experiments performed. It is established that the
SIC decrease and strong warming over the Barents Sea
in the winter period lead to a cooling over vast regions
of the northern part of Eurasia, and the probability of
anomalously cold January months more than doubles
(for regions of Western Siberia). This effect is caused by
the formation of a region of increased pressure over the
southern boundary of the Barents Sea during the SIC
decrease. This result also indicates that it is crucially
important to take into account (or correctly reproduce)
seaice changes in the Arctic basin associated with the
ALO in experiments with climatic models.
The cooling over Eurasia caused by the SIC
decrease in the winter period (experiment 2 with
respect to experiment 3) as well as the absence of sta
tistically significant winter SAT changes in Eastern
Europe and Western Siberia in experiment 2 (with
respect to experiment 1) are in agreement with the
analysis of empirical data. The regression of annual
mean anomalies of the global field of surface temper
ature to the ALO index (for the period 1870–2000) is
characterized by positive coefficients in almost the
entire Northern Hemisphere except for the region
located to the north of the Black and Caspian seas,
where negative coefficients of the regression are noted
[13]. This phenomenon suggests a hypothesis explain
ing the negative SAT anomalies over regions of Eurasia
at the positive ALO index (i.e., the OST increase in the
North Atlantic) by the corresponding SIC decrease in
the Arctic, first and foremost, in the Barents and Kara
seas, in the winter period. It should be noted that the
historically wellknown cold winters of 1941–1942 in
the European part of Russia and the Caspian region
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can be explained by the proposed mechanism. The
ALO index maximum was observed in the early 1940s,
which could lead to considerable negative anomalies
in the icecover area in the eastern Arctic. Unfortu
nately, there are no reliable data on the winter SIC for
this period; however, oceanographic data point to the
intense inflow of Atlantic waters into the Barents Sea
during the 1940s [60].
The detected regional effect of cooling at the SIC
decrease in the Atlantic sector of the Arctic points to
the importance of a correct reproduction by climatic
models of both mean characteristics of sea ice and
their climatic trends, including the ALO action.
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